Several studies of the yeast Saccharomyces cerevisiae support differential regulation of heat shock mRNA (hs mRNA) and non-hs mRNA nuclear export during stress. These include the finding that hs mRNA export at 42°C is inhibited in the absence of the nucleoporinlike protein Rip1p (also called Nup42p) (C. A. Saavedra, C. M. Hammell, C. V. Heath, and C. N. Cole, Genes Dev. 11:2845-2856, 1997; F. Stutz, J. Kantor, D. Zhang, T. McCarthy, M. Neville, and M. Rosbash, Genes Dev. 11:2857-2868, 1997). However, the results reported in this paper provide little evidence for selective non-hs mRNA retention or selective hs mRNA export under heat shock conditions. First, we do not detect a block to non-hs mRNA export at 42°C in a wild-type strain. Second, hs mRNA export appears to be mediated by the Ran system and several other factors previously reported to be important for general mRNA export. Third, the export of non-hs mRNA as well as hs mRNA is inhibited in the absence of Rip1p at 42°C. As a corollary, we find no evidence for cis-acting hs mRNA sequences that promote transport during heat shock. Taken together, our data suggest that a shift to 42°C in the absence of Rip1p impacts a late stage of transport affecting most if not all mRNA.
In eukaryotic cells, macromolecules are constantly moving between the nucleus and the cytoplasm. Transport occurs through nuclear pore complexes (NPCs), which are imbedded in the double membrane surrounding the nucleus. The NPC is 66 MDa in the yeast Saccharomyces cerevisiae and consists of about 50 different nuclear pore proteins (nucleoporins) (4, 34, 37, 53) . Nucleocytoplasmic transport of all macromolecular substrates studied to date is receptor mediated, energy dependent, and saturable (reviewed in references 27 and 33) .
Accumulating data on protein import and export point to common principles. To access an NPC, transport substrates need to be recognized by soluble receptors. Most well-characterized receptors belong to a family of proteins called ␤-importins or ␤-karyopherins, which recognize specific sequences within their respective substrates. The directionality of transport, nucleus to cytoplasm or cytoplasm to nucleus, is determined in large part by a predicted asymmetry in the intracellular nucleotide-bound status of a key transport player, the small GTPase Ran (Gsp1p in yeast) (17, 18, 28 ; reviewed in reference 9). Due to the nuclear localization of the Ran GTP exchange factor (Prp20p in yeast) and the cytoplasmic localization of the Ran GTPase-activating protein (Rna1p in yeast), nuclear Ran is mostly in the GTP-bound form, whereas cytoplasmic Ran is mostly GDP bound. Nuclear Ran-GTP promotes the assembly of several export complexes that are formed by a cooperative association between export cargo, receptor, and Ran-GTP. Ran-GTP hydrolysis in the cytoplasm promotes the dissociation of such export complexes, whereas Ran-GTP in the nucleus promotes the dissociation of import complexes.
Upon transcription and processing, mRNA becomes associated with many different RNA-binding proteins, forming heterogeneous nuclear ribonucleoprotein (hnRNP) particles (6) . Some hnRNPs have been shown to remain associated with mRNA during transport to the cytoplasm, leading to the hypothesis that hnRNPs contain export signals and serve as adaptors recognized by export receptors (reviewed in references 29 and 30) . This idea is also based on retroviral systems, in which RNA-binding proteins recognize both specific sequences within viral mRNA and the export receptor Crm1p (also called Xpo1p), resulting in the export of unspliced viral mRNA (reviewed in reference 50). Crm1p is a protein exporter with no major role in general mRNA export (32, 50) , suggesting that Rev-like nuclear export signals (NESs) do not make a major contribution to mRNA export. Moreover, there are no known functional Rev-like NESs in any hnRNP, and there are no reported interactions between an hnRNP and a known ␤-karyopherin-like export receptor. Indeed, the few identified mRNA export factors do not fall into the ␤-karyopherin class of soluble transport receptors (reviewed in references 27 and 50). These factors (human TAP, or yeast Mex67p; human p15, or yeast Mtr2p; yeast Gle1p, or Rss1p; yeast Rip1p; and yeast Dbp5p, or Rat8p) are all characterized by at least transient association with the NPC.
Microinjection-competition experiments with Xenopus oocytes pointed to the existence of nonoverlapping export pathways for different classes of RNA molecules (19) . This strategy also indicated multiple separable mRNA export pathways (17, 18, 35, 38) . Previous studies of mRNA export during stress in the yeast S. cerevisiae strongly supported this notion, in that exposure to 42°C or 10% ethanol resulted in pronounced nuclear accumulation of non-hs mRNA, whereas hs mRNA was efficiently exported (39) . In further support of separate transport pathways for hs and non-hs mRNAs, it was suggested that hs mRNA contains cis-acting sequences that allow its preferential export under stress conditions. hs mRNA export was also proposed not to require Ran and its auxiliary proteins, unlike the transport of non-hs mRNA. The discovery that hs mRNA export at 42°C requires the nucleoporinlike protein Rip1p supported this view of a specialized transport route (40, 47) .
However, our studies indicate that hs mRNA export is mediated by the Ran system and many other factors involved in non-hs mRNA export. Furthermore, we do not observe a block to non-hs mRNA export at 42°C in a wild-type strain. Finally, we show that nuclear export of various non-hs as well as hs mRNAs is severely affected in the absence of Rip1p at 42°C. One can therefore picture mRNA transport under both normal and stress conditions as a competition among different mRNA molecules for common transport factors.
MATERIALS AND METHODS
DNA manipulations and yeast transformations were performed using standard protocols (1, 13, 26) . The yeast strains used in this study are described in Table  1 .
Plasmid construction. (i) pHS-GFP. The SSA4 heat shock promoter and 5Ј untranslated region (UTR) (HS) were PCR amplified from pEC702 (SSA4 gene in YEp351; a gift of E. Craig, University of Wisconsin) using primers ACGTA CGGCGGCCGCCTGATACCTTCCATACTAGAAAAG and ACGTACGCT AGCCATGATTATTGTTTTGTTTATTTT; green fluorescent protein (GFP) was PCR amplified from pJK19-1 (a gift from P. Silver, Harvard University) using primers AAAAGAATTCATGGCTAGCAAAGGAGAAGAACTC and AC GTACAAGCTTTTAGCAGCCGGATCCTTTGTATAGTTC. HS and GFP were digested with NheI, ligated, PCR amplified with terminal primers, and cloned into pRS316 using NotI and HindIII to generate pHS-GFP.
(ii) pHS-GFP-3 SSA4. The SSA4 3Ј UTR was PCR amplified from pEC702 using primers ACGTACAAGCTTATAAATACAAAGATGCGATGAAGT and ACGTACCTCGAGTATGATTGCTGTACATTTCCGAGC and cloned into pHS-GFP using HindIII and XhoI to generate pHS-GFP-3Ј SSA4.
(iii) pHS-GFP*SSA4-3 SSA4. SSA4 was PCR amplified from pEC702 using primers ACGTACGGATCCGGCTGCTAAATGTCAAAAGCTGTTGGTAT TGAT and ACGTACAAGCTTCTAATCAACCTCTTCAACCGTTGG and cloned into pHS-GFP-3Ј SSA4 using BamHI and HindIII to generate pHS-GFP*SSA4-3Ј SSA4.
Plasmid Gal-LacZ was identical to the previously described pLGSD5 plasmid (23) .
In vivo protein labeling. In vivo protein labeling was performed as described by Stutz et al. (48) with the following modifications. Yeast cultures were grown overnight at 25°C to an optical density at 600 nm (OD 600 ) of 0.05 to 0.1. The cells were pelleted, resuspended in the same volume of medium lacking methionine (Met Ϫ ), and grown for another 2 h at 25°C. The cultures were rapidly mixed with 1 volume of Met Ϫ medium preheated to 49 or 59°C and incubated as shaking cultures at 37 or 42°C, respectively. Control samples (25°C) were mixed with 1 volume of 25°C Met Ϫ medium. After 10 to 15 min (for single-time-point assays) or at various times after temperature shift (for a time course), 1-ml samples were withdrawn and mixed with 50 Ci of Trans 35 S Label (1, 191 Ci/mmol; 11.02 mCi/ml; ICN Pharmaceuticals, Inc.) and incubated for an additional 20 min at the relevant temperature. Protein labeling was stopped by centrifugation at 4°C, medium removal, and immediate freezing on dry ice. The samples were resuspended in 30 l of 1ϫ sodium dodecyl sulfate (SDS) sample buffer, boiled for 10 min, and spun in a microcentrifuge for 5 min prior to being loaded on a 7.5% SDS-polyacrylamide gel. The gels were dried, and bands were visualized by autoradiography.
Thermotolerance assays. Yeast cultures were grown overnight at 25°C to an OD 600 of 0.05 to 0.1. Aliquots (5 ml) of each culture were rapidly mixed with an equivalent volume of medium at 25, 49, or 59°C and incubated at 25, 37, 42, or 50°C. For 42°C thermotolerance experiments, the cells were either incubated directly at 42°C for up to 6 h or pretreated at 37°C for 30 min prior to incubation at 42°C. For 50°C thermotolerance experiments, the cells were either incubated directly at 50°C for 20 min or pretreated at 42°C for 30 min prior to incubation at 50°C. Samples (1 ml) were withdrawn, chilled on ice, and serially diluted in sterile water. Eight microliters of each serial dilution was spotted on yeast extract-peptone-dextrose plates, and the plates were incubated for 2 days at 25°C.
Sample preparation for RNA and protein analyses. Yeast cultures were grown overnight at 25°C to an OD 600 of 0.05 to 0.1. Twenty-five milliliters of each culture was mixed with an equivalent volume of medium at 25, 49, or 59°C and incubated as shaking cultures at 25, 37, or 42°C, respectively. At time points after temperature shift (for a time course), two 1-ml samples were withdrawn (one for Western blot analysis and one for RNA analysis) and centrifuged at 4°C, and the cell pellets were immediately frozen on dry ice.
Cultures harboring Gal-LacZ were treated as described above with the following modifications. Cells were grown overnight in medium lacking glucose (2% lactate [pH 5.5], 2% glycerol). At 10 to 15 min after temperature shift, 20% galactose was added to a final concentration of 2%, and the incubation was continued at the relevant temperature.
RNA extractions and primer extensions. RNA extractions and primer extensions were performed as described previously (36) using three different oligonucleotide primers. Oligonucleotide primer DT320 (CACCAGTGAGACGGGC) is complementary to positions 27 to 42 of the initiation codon for the ␤-galactosidase coding sequence in pLGSD5 (23) . Oligonucleotide primer IV99 (GGT AGCTTCCCAGTAGTGC) is complementary to positions 167 to 186 of the initiation codon in the GFP coding sequence. Oligonucleotide primer DT58 (GCCAAAAAATGTGTATTGTAA), which is complementary to U2 snRNA and gives an approximately 120-base primer extended product, was used as an internal control for loading. Samples were loaded on 5 to 7% polyacrylamide denaturing gels, and bands were visualized by autoradiography.
Western blot analysis. Frozen cell pellets were resuspended in 30 l of 1ϫ SDS sample buffer, boiled for 10 min, and spun in a microcentrifuge for 5 min prior to being loaded on a 7% (for LacZ) or 10% (for GFP) SDS-polyacrylamide gel. Transfer to nitrocellulose filters was performed by standard protocols (1). The filters were incubated for 2 h at room temperature with either rabbit ␣-GFP polyclonal antibody (1:100 dilution; Clontech) or mouse ␣-␤-galactosidase In situ hybridization assays with Cy3 fluorochrome-conjugated oligonucleotides. Briefly, cells were grown at 30°C to an OD 600 of 0.2 and shifted to the appropriate temperature for 1 h prior to fixation. In the case of 42°C cultures, the cells were diluted with an equal volume of 54°C medium to ensure a rapid temperature shift. In situ hybridization to detect poly(A) ϩ RNA and SSA4 mRNA was performed as described previously (24) . A mixture of two oligonucleotides complementary to the SSA4 3Ј UTR (GTT*AAGAGGGAAAACT*A AGAAATTCGAT*GCTGCTACTT*CATCGCATCTT*TG and GAGAACGT *ACAAATAGTAGT*CATTTGCTAAT*TACTGATTGT*GTATCTTATAT *AT) was used to localize SSA4 mRNA.
, that was subsequently coupled to Cy3 fluorochrome (Amersham Pharmacia Biotech). PolyA ϩ RNA was localized using an oligo(dT) 70 , including seven T* residues spaced approximately 10 nucleotides apart.
RESULTS
A ⌬RIP1 strain is deficient in hs mRNA nuclear export as determined by thermotolerance assays. It has been previously shown that hs mRNA nuclear export is severely inhibited in a ⌬RIP1 strain, which carries a deletion of the gene encoding the nucleoporinlike protein Rip1p (40, 48) . hs mRNA export in the ⌬RIP1 strain was first assayed indirectly, by pulse-labeling with [ 35 S]methionine followed by SDS-polyacrylamide gel electrophoresis (PAGE) after transcriptional induction at high temperatures (48) (Fig. 1A) . Consistent with previous results, labeled bands corresponding to major heat shock proteins were absent from the ⌬RIP1 strain at 42°C but present at 37°C, indicating that the mutant phenotype of the ⌬RIP1 strain is observed only at temperatures higher than 37°C (Fig. 1A , lanes 5 and 6).
The hs mRNA export defect of the ⌬RIP1 strain results in a lower thermotolerance. Thus, the viability of the ⌬RIP1 strain is compromised after incubation at 42°C for more than 1 h (Fig. 1B) . Since the absence of Rip1p does not affect heat shock protein synthesis at 37°C, a 30-min pretreatment at 37°C restores the viability of the ⌬RIP1 strain at 42°C almost to wild-type levels (Fig. 1B) . When wild-type and ⌬RIP1 strains were treated for 20 min at the lethal temperature of 50°C, the survival rates of the two strains were similar and very low (data not shown). However, when these strains were pretreated for 30 min at 42°C prior to the 50°C shift, wild-type survival was significantly increased whereas the survival of the ⌬RIP1 strain was virtually unchanged (Fig. 1C and data not shown) . On the basis of multiple experiments, we estimate that under the latter conditions, the thermotolerance of the wild type is at least 30 times higher than that of the ⌬RIP1 strain.
Nuclear export of hs mRNA is mediated by Ran and other factors involved in non-hs mRNA export. Based on in situ hybridization with oligo(dT)-and hs mRNA-specific probes, it has previously been suggested that hs mRNA is exported from the nucleus via a different pathway than non-hs mRNA (39) . However, hs mRNA nuclear export may still contain features in common with other export routes. Therefore, we investigated hs mRNA export in various temperature-sensitive yeast mutants previously shown to produce nuclear accumulation of non-hs mRNA at nonpermissive temperatures. We used a combination of protein labeling and thermotolerance assays to determine if these factors are involved in hs mRNA nuclear export.
Surprisingly, many of the mutants had a pronounced defect in heat shock protein production, as determined by 35 S labeling at 42°C (Fig. 2A) . Most importantly, heat shock protein bands were completely absent in rna1-1 and prp20-1 strains after 30 min at 42°C (Fig. 2A, lanes 6 and 8) . The wild-type proteinlabeling pattern was restored by transformation with the corresponding wild-type genes (Fig. 2B, lanes 4 and 7, and data not shown). The rna1-1 and prp20-1 strains have mutations in the Ran GTPase-activating protein and the Ran GTP exchange factor, respectively, indicating that the Ran system is involved in hs mRNA export. There was a clear thermotolerance defect in rna1-1 and prp20-1 strains which was reversed by transformation with the wild-type genes (Fig. 3) . We analyzed three different PRP20 mutants (prp20-1, prp20-7, and prp20-101) and observed a correlation between the severity of the heat shock protein synthesis defect and the severity of the growth phenotypes in thermotolerance assays ( Fig. 2A, lanes 8,  10, and 12 , and data not shown).
In addition to Ran system mutants, we observed inhibition of hs mRNA export in mex67-5 and mtr2-9 strains (Fig. 2A,  lanes 22 and 26) , which carry mutations in factors shown to play an important role in the nuclear export non-hs mRNA (20, 41, 43) . We also investigated the 42°C labeling pattern in the xpo1-1 strain. This strain carries a temperature-sensitive mutation in the ␤-karyopherinlike protein Crm1p, implicated in NES-mediated export (45) . The xpo1-1 strain showed a lower level of heat shock protein labeling, but the overall pattern was identical to that of either the wild-type or xpo1-1 strain transformed with a vector carrying wild-type XPO1 (Fig.  2A, lanes 2, 14, and 16 ). This suggests that Crm1p is not a major export receptor for hs mRNA. It has recently been proposed that Crm1p is also not a major export receptor for non-hs mRNA (32) .
It should be noted that some other nuclear export mutant (gle1-8, dbp5-2, NUP82⌬108, ⌬NUP57, ⌬NUP145, ⌬YRB2, nup49-313, ⌬NUP133, pse1-1, ⌬SXM1, and ⌬KAP123) strains produced a wild-type labeling pattern ( Fig. 2A, lanes 18 and 30, and data not shown). As certain alleles of these genes have been previously demonstrated to accumulate nuclear non-hs mRNA at nonpermissive temperatures, the absence of an effect in our experiments might be due to the singular experi- mental protocol: for example, a 10-to 15-min preincubation at 42°C may not be sufficient to induce a mutant phenotype. These strains were not investigated in more detail. Taken together, the data indicate that hs mRNA nuclear export is mediated by Ran and other factors involved in the export of non-hs mRNA.
Nuclear export of several non-hs mRNAs is severely inhibited in a ⌬RIP1 strain at 42°C. Previous observations suggested that Rip1p is an NPC-associated factor specialized in mediating hs mRNA export under stress conditions (40, 48) . We therefore decided to test whether Rip1p is indeed specific for the hs mRNA export pathway or whether the export of other mRNAs is also affected in the ⌬RIP1 strain. To directly visualize mRNA, we performed in situ hybridization to detect the general poly(A) ϩ RNA population (Fig. 4) . Similar to previous observations, poly (A) ϩ RNA was mostly cytoplasmic in both the wild-type and ⌬RIP1 strains at 25°C, although high cell autofluorescence obscures the signal. However, we detected little or no stress-induced nuclear accumulation of poly(A) ϩ RNA in the wild-type strain, in contrast to previous reports (40; compare Fig. 4 ). Similar observations have been made elsewhere (F. Stutz, personal communication). The apparent discrepancy with the previous report might well result from a difference in strain background. Importantly, however, nuclear accumulation of poly(A) ϩ RNA in the ⌬RIP1 strain was dramatic. The poly(A) ϩ RNA accumulation in the ⌬RIP1 strain may reflect in large part the defect in hs mRNA export, as hs mRNA may represent a large fraction of newly transcribed mRNA and therefore much of the nuclear poly(A) ϩ signal at 42°C. SSA4 mRNA also shows a Rip1p-dependent nuclear accumulation at 42°C, although the accumulation is morphologically distinct from that of poly(A) ϩ RNA (Fig. 4) .
To further address the involvement of Rip1p in the export of non-hs mRNA, we used protein-labeling assays. The wild-type and ⌬RIP1 strains were incubated for various times at 37 or 42°C, followed by a 5-min labeling with [ 35 S]methionine to give a representation of cytoplasmic mRNA levels (Fig. 5A) . As a control, we used an rpb1-1 strain that carries a temperaturesensitive RNA polymerase II mutation. Inhibition of transcription at 37°C in the rpb1-1 strain leads to a decline in mRNA abundance and a decline in the protein-labeling intensity, with most of the bands disappearing by 90 min. As previously described, this decline is similar to that caused by a complete block to mRNA export (32) . In contrast, when the wild-type strain was incubated at 37 or 42°C, or when the ⌬RIP1 strain was incubated at 37°C, virtually no decline in protein labeling was observed for at least 3 h. The fact that the RIP1 deletion has no effect on cell growth at 37°C is consistent with the lack of an export defect at this temperature. Incubation of the ⌬RIP1 strain at 42°C, however, resulted in a gradual decline in protein labeling. The decline was not as dramatic as in the case of the rpb1-1 strain, as many bands were still visible after 2 h at 42°C. This suggests a less-than-complete mRNA export block in the ⌬RIP1 strain at 42°C.
Taken together, our data strongly suggest that the export of many different mRNAs is severely, but not completely, inhibited in the absence of Rip1p at 42°C. This conclusion is further supported by the appearance of heat shock protein bands in the ⌬RIP1 strain after an hour of incubation at 42°C (Fig. 5B ). ⌬RIP1 (A), rna1-1 (B) , and prp20-1 (C) strains is reflected in lowered thermotolerance. Yeast cultures were either maintained at 25°C or pretreated at 42°C for 30 min prior to a 20-min 50°C incubation. Each row represents serial dilutions of the same culture (the dilution factors are the same as in Fig. 1C ). The number of growing colonies corresponds to the number of cells that survived the treatment. The thermotolerance defect of the strains transformed with empty vector (a) can be reversed (b) upon transformation with pRIPHi (A), pRNA1 (B), or pPRP20 (C).
FIG. 3. A block in hs mRNA export in

FIG. 4. Stress-induced nuclear accumulation of poly(A)
ϩ RNA and SSA4 mRNA occurs only in the absence of Rip1p. Cy3 in situ hybridization was performed to localize poly(A) ϩ RNA and SSA4 mRNA in wild-type and ⌬RIP1 strains. The cells were maintained at 25 or 42°C for 1 h. DAPI (4Ј,6Ј-diamidino-2-phenylindole) staining for the ⌬RIP1 strain at 42°C is shown on the right. This implies that hs mRNA export is also incompletely inhibited in the ⌬RIP1 strain at 42°C.
Nuclear export of specific transcripts is inhibited in a ⌬RIP1 strain at 42°C. We next examined three heat-shockinducible GFP constructs, all of which have a GFP open reading frame (ORF) cloned downstream of the SSA4 promoter and the SSA4 5Ј UTR. pHS-GFP contained only the GFP ORF; pHS-GFP-3Ј SSA4 contained the GFP ORF followed by the SSA4 3Ј UTR, and pHS-GFP*SSA4-3Ј SSA4 contained the GFP ORF followed by the complete SSA4 ORF and SSA4 3Ј UTR. All three constructs were transformed into the wild-type and ⌬RIP1 strains, and mRNA export after heat shock was monitored indirectly by Western blotting with ␣-GFP antibody. The time course of mRNA induction was verified by primer extension using a GFP mRNA-specific primer.
None of the constructs produced any GFP mRNA or protein under non-heat-shock conditions (Fig. 6A and data not  shown) . However, all three hybrid mRNAs and their protein products were readily detectable after a 5-min incubation of the wild-type strain at 37 or 42°C or after a 5-min incubation of the ⌬RIP1 strain at 37°C (Fig. 6A to C and data not shown) . The protein and mRNA accumulation continued for 60 min at 42°C, by which time it reached saturation. That induction of all three hybrid mRNAs resulted in GFP synthesis at both 37 and 42°C indicates that these mRNAs are successfully exported from the nucleus in wild-type cells under stress conditions (Fig.  6A to D) . For all three mRNAs, the time courses of mRNA and protein induction were similar, suggesting that mRNA export kinetics under heat shock conditions does not depend on any cis-acting sequences contained within the SSA4 ORF and the SSA4 3Ј UTR. In contrast to the situation in the wild type, none of the three constructs produced detectable levels of GFP in the ⌬RIP1 strain incubated at 42°C for up to 1 h (Fig. 6A and C) . As the level and timing of the hybrid mRNA induction in the ⌬RIP1 strain is similar to that in the wild-type strain (Fig. 6D) , the absence of detectable protein product is likely the result of an mRNA export block. The fact that the block takes place at 42 but not at 37°C is consistent with observations described earlier and strengthens the idea that Rip1p plays an important role in the nuclear export of most mRNA, but only at temperatures higher than 37°C. For all three constructs, we observed low levels of GFP in the ⌬RIP1 strain after a 2-to 3-h incubation at 42°C (Fig. 6A and C and  data not shown) . This resembles the late appearance of labeled heat shock protein bands in the labeling time course experiment (Fig. 5B) and probably reflects the incomplete inhibition of mRNA export in the ⌬RIP1 strain at 42°C (see Discussion).
Using the experimental approach described above, we also examined the nuclear export of a fully non-hs mRNA, transcribed from a construct containing a bacterial ␤-galactosidase gene under the control of a galactose promoter (pGal-LacZ). After a 10-to 15-min preincubation at the relevant temperature, lacZ transcription was initiated by galactose, and the incubation was continued at the same temperature. In the wild- type strain, the time courses of LacZ induction at 22, 37, and 42°C were similar ( Fig. 7A and B) , with protein amounts decreasing slightly at 42°C (Fig. 7C) . In the ⌬RIP1 strain at 22 and 37°C, LacZ was induced with the same kinetics and to the same levels as in the wild type (Fig. 7C and data not shown) . For the ⌬RIP1 strain at 42°C, however, no LacZ was detected even at 3 h after the addition of galactose (Fig. 7B and C) . Like the SSA4-GFP chimeric mRNAs, the level and timing of LacZ mRNA induction in the ⌬RIP1 strain at 42°C was similar to that in the wild type (Fig. 7D) . Therefore, the absence of detectable protein in the ⌬RIP1 strain is likely due to a block in non-hs mRNA export at 42°C.
DISCUSSION
The original studies of mRNA export during stress in S. cerevisiae suggested that hs mRNA is exported from the nucleus via a unique route (39) . Using in situ hybridization assays, it was shown that exposure of yeast to 42°C or 10% ethanol resulted in nuclear accumulation of non-hs mRNA, whereas hs mRNA was efficiently exported to the cytoplasm. Hybrid mRNAs identified two independent cis-acting sequences in SSA4 mRNA that promote export of an Hsp70-like mRNA under stress conditions (39) . It was further shown that hs mRNA export at 42°C is affected by deletion of the RIP1 gene and is not mediated by the GTPase Ran and its auxiliary proteins (39, 40) .
We originally set out to define additional factors mediating this selective export of hs mRNA. However, we obtained data indicating that hs mRNA export and non-hs mRNA export are similar processes, a conclusion that contradicts some previous conclusions. Protein labeling and thermotolerance assays showed that both export pathways are similarly inhibited at 42°C in rna1-1, prp20-1, mex67-5, mtr2-9, rat7-1, and ⌬NUP116 strains. The results suggest that hs mRNA export, like non-hs mRNA export, is Ran mediated. However, both rna1-1 and prp20-1 have rapid and profound effects on many different aspects of nuclear metabolism (2, 8) , and the mRNA export block might be indirect. Consistent with this possibility, a dominant-negative Ran mutant has little effect on hs mRNA export as determined by protein labeling (data not shown). The interpretation notwithstanding, we suggest that the rna1-1 and prp20-1 mutations cause equally strong blocks to hs mRNA export and to non-hs mRNA export. The discrepancy between this and previous observations (39, 40) can be explained at least in part by differences in the experimental protocols. For example, the penetrance of the ⌬RIP1 mutant phenotype is very sensitive to growth conditions, reflecting an induction of heat shock protein synthesis at moderate cell densities. In addition, many of the previous studies used 10% ethanol to induce the stress response. We have observed some differences between heat shock protein synthesis induced by a shift to 42°C and that induced by ethanol addition (data not shown), indicating that this might also impact differences in heat shock protein synthesis regulation.
In light of the rna1-1 and prp20-1 data, we decided to ad- dress the issue of whether the nucleoporinlike protein Rip1p is specific for the hs mRNA export pathway or whether the export of non-hs mRNA is also affected in the ⌬RIP1 strain. A comparison of protein synthesis profiles in the wild-type and ⌬RIP1 strains indicates that nuclear export of both hs and non-hs mRNA is severely affected in the absence of Rip1p at 42°C. The original inference, that the ⌬RIP1 strain is defective only in hs mRNA export, is probably due to the experimental design. In the earlier experiments, cells were examined within 10 to 30 min after the shift to the nonpermissive temperature. At these times, only the absence of heat shock proteins produced from newly transcribed hs mRNA is easily detected; any block in non-hs mRNA export is masked by preexisting cytoplasmic mRNA. At longer incubation times, the cytoplasmic mRNA turns over, and the export inhibition is visible. The relatively slow decrease in the protein labeling pattern in the ⌬RIP1 strain at 42°C (Fig. 5A) , as well as the appearance of heat shock and hs promoter-derived bands at late times during a 42°C incubation (Fig. 5B and 6C) , suggests that the ⌬RIP1 mRNA export block is incomplete. Although there may be some modest difference between hs and non-hs mRNA export efficiency in the ⌬RIP1 strain at 42°C, we suggest that the ⌬RIP1 42°C block to mRNA export affects most if not all mRNAs similarly. This conclusion fits well with the genetic interactions between RIP1 and other genes (GLE1, DBP5, and NUP85) involved in the export of non-hs mRNA (46, 48) . A very recent study reached a similar conclusion for the mRNA export factor Mex67p (15) .
It should be noted, however, that the idea of a general role of Rip1p in mRNA export does not contradict previously described observations of competition between hs mRNA and the human immunodeficiency virus type 1 protein Rev for nuclear exit (40) . Rev is exported from the nucleus via interactions with the ␤-karyopherin-like receptor Crm1p, which has been shown to interact with Rip1p (7, 31, 32) . The normal heat shock protein labeling pattern in the xpo1-1 strain at 42°C ( Fig.  2A) , as well another recent study (32) , argues that Crm1p plays no prominent direct role in the export of either hs or non-hs mRNA. Nevertheless, it is conceivable that different nuclear export pathways converge below the level of Crm1p, so that different export complexes compete for binding sites on Rip1p or on other relevant NPC components (e.g., Nup159). We still do not known whether Rip1p is a bona fide NPC component, but we favor the notion that it is a transport factor with a more transient pore association (46) . Our data more generally suggest that mRNA nuclear export relies on many common factors, including the Ran system, Mex67p, Mtr2p, and Rip1p. A competition between different mRNA molecules for common transport factors may lead to the preferential export of more abundant mRNAs (i.e., hs mRNA under stress conditions) or mRNAs that interact more efficiently with generic transport machinery components. There may also be message-specific factors or cis-acting RNA elements that enhance or inhibit export of specific mRNAs in a constitutive or regulated fashion. For example, it has recently been suggested that the yeast hnRNP protein Np13p becomes dissociated from non-hs mRNA upon stress, leading to abnormal RNP formation and inefficient export of these mRNAs . Denaturing PAGE analysis of extension products with a LacZ-specific primer is shown. The area occupied by multiple extension products is marked by a square bracket. (22) . There are many other examples of factors and cis-acting sequences that contribute to the regulation of mRNA export. These include the retroviral proteins Rev and Rex, the constitutive transport element of D-type retroviral mRNAs, the Caenorhabditis elegans Zn finger protein TRA-1, the intronless mRNA export elements within the mouse histone H2a mRNA, elements within herpes simplex virus thymidine kinase mRNA and hepatitis B virus RNA, and a retention element within C. elegans splicing factor U2AF mRNA (11, 12, 14, 25, 49) . In the case of hs mRNA export under stress conditions, however, the evidence in favor of positively acting transport factors and elements is uncertain at best. We have been unable to detect a contribution of the SSA4 ORF or the SSA4 3Ј UTR to RNA export. In addition, we have examined a set of GFP constructs with no SSA4 sequences: addition of the SSA4 5Ј UTR, with or without additional SSA4 sequences, has no effect (data not shown). Of course, potent export of the basal GFP construct might obscure a positive but more modest contribution of SSA4 mRNA sequences.
The fact that Rip1p is essential only at temperatures higher than 37°C raises the intriguing possibility that the structure and/or composition of the NPC-associated transport machinery changes under conditions of more acute stress. We performed protein labeling experiments with the ⌬RIP1 strain at various temperatures and ethanol concentrations and observed a gradual decline in heat shock protein labeling with increasing stress. At 42°C, the absence of Rip1p may adversely affect the activities of other essential transport factors that normally interact with it. Under conditions of mild stress, such as incubation at 37°C, this destabilization may not be very severe and/or the function of Rip1p is compensated for by other nucleoporinlike proteins. It is also conceivable that a Rip1p-dependent regulatory mechanism results in a modification of the mRNA export machinery only under severe stress conditions. Future studies will focus on understanding the role of Rip1p and its associated proteins in maintaining mRNA export under stress conditions.
